Phylogenetic relationships of termitophilic fungi were estimated with Bayesian as well as other phylogenetic methods from partial sequences of the nuclear encoded large subunit ribosomal DNA (nLSU-rDNA) and the mitochondrial encoded small subunit ribosomal DNA (mtSSU-rDNA). Sequences were obtained from basidiomes covering the morphological, taxonomical, and geographical span of termitophilic mushroom-forming fungi, and analysed together with sequences from termite nests and termite guts from most known genera of fungus growing termites from geographically diverse regions. Topologies of trees resulting from the combined analyses of the two ribosomal genes generally show no positive conflicts with those obtained from separate analyses. We show that termitophilic fungi constitute a strongly supported monophyletic group within lyophylloid species. The genera Sinotermitomyces and Podabrella are derived within Termitomyces, and do not form monophyletic groups. Identical sequences were frequently found among samples of basidiomes from the same continents and among fungi utilized by termites from the same continent. However, only two sequences were identical between basidiome samples and termite nest/gut samples suggesting fruiting species do not form a representative sample of termitophilic fungi. No sequences were identical between samples from Asia and Africa indicating some geographic differentiation between these continents.
INTRODUCTION
Termites belonging to the subfamily Macrotermitinae cultivate the mycelium of basidiomycetes on comb-like structures made of small spheres of plant material quickly passed through the termite gut. The fungus produces small nodules, which are consumed by the termites along with the degraded comb. In this way the exosymbiotic fungus makes complex plant macromolecules available to the termites, parallel to the function of the protozoic endosymbionts of non-fungus growing termites (Rouland Lefevre 2000) . Sometimes, often in correlation with rainy periods, the fungal mycelium of the termite combs produces mushrooms, which penetrate the termite nests and soil to spread their spores (Heim 1977) . The Macrotermitine termites are exclusively found in Africa and some parts of South East Asia.
Approximately 30 species of termitophilic mushroom-producing fungi are known. Together these cover a wide macromorphological range, including the small Termitomyces microcarpus, which grows on ejected comb material and rarely exceeds 2 cm in cap diameter, and the gigantic T. titanicus, with a cap diameter of up to 1 m making it the largest gilled mushroom fruit body in the world (Piearce 1987) . Some species have large velar remains on the cap, whereas others are smooth and viscid. Some species are annulate, others not. Microscopically, however, species are generally difficult to separate. The unifying characters of the termitophilic mushrooms are the pinkish sporeprint, the termite association, and the subterranean elongation of the stipe called a pseudorhiza, through which the basidiomes of most species are connected to the comb in the termite nest. The often very abundant lamellae are free to sub-free. Furthermore, most of the species have a pronounced umbo or papilla, the ' perforatorium ', which is thought to play a role during penetration of the soil (Heim 1977) .
Roger Heim (1942) erected the genus Termitomyces to accommodate these species of termitophilous agarics. Until then they had been treated in widely diverse genera such as Lentinus, Entoloma, Pluteus, and Armillaria (Heim 1942) , due to their diverse morphological affinities. Based on Cle´menc¸on's (1984) observation of siderophilous granules in the basidia of species of Termitomyces, Singer (1986) placed Termitomyceteae (encompassing Podabrella and Termitomyces) as a sister tribe to Lyophylleae containing the other genera with siderophilous basidia within Tricholomataceae, and proposed that clampless species of Lyophyllum, i.e. subgenus Lyophyllopsis (syn. genus Gerhardtia), might represent a transitional group between Lyophyllum and Termitomyces (Singer 1986) .
Podabrella, typified by Termitomyces microcarpus, is used by some authors to cover the epigeous species of paleotropical termitophilous agarics as well as some neotropical and North American non-termitophilous species. These species are separated from Termitomyces by their almost complete lack of a universal veil, small basidiomes without pseudorhizae, and a less tight or non-existent symbiotic relation with termites. T. microcarpus grows on ejected comb material, and American taxa have no connection with termites at all. Sinotermitomyces, covering five species of termitophilous agarics found in Yunnan, China and the vicinity (Zang 1981 (Zang , 1992a (Zang , b, 1998 , is separated from Termitomyces by the presence of ornamented cystidia and a (semi-) hollow stipe (Zang 1992a) . Thus, the taxonomy of termitophilic fungi is based on relatively few and variable characters, and an assessment of the variation within the group is needed.
Some recent molecular phylogenetic studies at various systematic levels have included small samples of termitophilic fungi, mainly basidiomes of Termitomyces. The six species included in the study of Moncalvo et al. (2002) formed a monophyletic group within lyophylloid taxa, confirming the results of earlier studies on a subset of this sample (Moncalvo et al. 2000b , Hoffstetter et al. 2002 . Recently Rouland reconstructed a phylogeny of some termitophilic fungi from sequences obtained from basidiomes and comb material from West Africa, and found evidence that West African Termitomyces constitute a monophyletic group. The samples in all these studies have been relatively small, representing only a fraction of the known diversity of termitophilous fungi and their hosts. In a study addressing the evolution of termites and their fungi, phylogenies of both termites and their fungi were produced (Aanen et al. 2002) . The fungal phylogeny was based on sequences obtained from termite nests and guts and a few basidiomes.
For the present study, we sequenced portions of the nuclear LSU rDNA and the mitochondrial SSU rDNA from basidiomes representing the total range of morphological variation and geographical distribution of the genus as well as the diverse taxonomic groupings. These sequences were combined with previously published termitophilic fungal sequences from samples of termite combs and gut material, representing the wide geographical distribution and systematic range of the termites. Several phylogenetic analyses were conducted to examine phylogenetic relationships of the morphologically, geographically, and taxonomically diverse termitophilic fungi mainly to assess whether these fungi constitute a monophyletic group. The morphological characters used to delimit species and groupings like Podabrella and Sinotermitomyces were also evaluated in the light of the phylogeny, as well as geographical differentiation and patterns of fruiting.
MATERIAL AND METHODS

Taxon sampling
Basidiomes were sampled from two taxonomic 'groups' (Table 1) . Firstly, most of the well-known species of Termitomyces : the large well-known African species T. titanicus, T. robustus, T. schimperi, T. letestui, and T. singidensis ; the two common and mainly Asiatic T. eurhizus and T. heimii, and the type species of the genus, T. striatus, T. entolomoides, T. clypeatus, T. mammiformis, T. medius, and T. globolus were also included. The small epigeous T. microcarpus, the type species of Podabrella and Termitomyces subgen. Praetermitomyces was represented by five collections. Unfortunately, no samples of either neotropical Podabrella species or North American Podabrella (Collybia) alba could be obtained. Type-material of four Sinotermitomyces species were obtained, of which two yielded amplifiable DNA. Basidiomes sequences from earlier studies (Moncalvo et al. 2000b were obtained from GenBank. Fungal sequences from basidiomes, termite combs, and termite gut contents from representatives of most known genera of Macrotermitinae obtained in an earlier study (Aanen et al. 2002) were included.
The second 'group' of samples consisted of species shown or suggested to be closely related to Termitomyces. Available sequences from six samples of supposedly closely related species belonging to clades of Lyophylleae in Moncalvo et al. (2002) were downloaded from GenBank. Two basidiome samples of Gerhardtia incarnatobrunnea, the proposed intermediate between Lyophyllum and Termitomyces, were included. Auricularia polytricha was used for rooting purposes.
Blast searches with all the obtained termitophilic sequences were performed to screen available fungal sequences in GenBank for potential affinities to Termitomyces.
Sequence data
DNA extractions from herbarium specimens as well as fresh basidiomes were made with the DNeasy Plant Mini Kit (Qiagen). Sequence data were produced from the nuclear LSU rDNA fragment for almost all samples and from a fragment of the mitochondrial SSU rDNA) for a subset of the samples. Primers ITS4R (the reverse complement of ITS4; White et al. 1990 ) and 25S4R (Aanen et al. 2002) were used to amplify the nLSU fragment. For the mitochondrial fragment, universal primers MS1 and MS2 (White et al. 1990) were used, but for some samples the specific primers ssufw105 and ssurev475 (Aanen et al. 2002) were used. All PCR reactions consisted of an initial denaturing step of 4 min at 94 xC, and 35-40 cycles of 30 s denaturing at 94 x, 30 s annealing and 30 s extension at 72 x, followed by 4 min of additional extension at 72 x. Annealing temperatures were : 40-45 x for MS1/MS2, and 55-57 x for primers ITS4R/25S4R, ssufw105/ssurev475. Reactions were carried out in MJ Research PTC 100 or 200 machines. Sequencing was performed with the same primers as for PCR. Sequences were generated on an ABI 3700 automated sequencer (Applied Biosystems, Foster City, CA) using BigDye terminator Chemistry. All sequencing was done by MWG-BIOTECH AG, Ebersberg, Germany.
Phylogenetic analyses
Inspection of sequence chromatograms and assembly of bi-directional sequences was undertaken in Sequencher 3.11 (Gene Codes Corporation) and ambiguous positions were deleted or recoded. GenBank accession nos. are presented in Table 1 . Sequences were aligned visually in Se-Al v2.0 (Rambaut 2002) and in the nexus files created in PAUP* (Swofford 1998) . Two major datasets were constructed, one with the nLSU sequences and one with the combined nLSU and mtSSU sequences.
To estimate the best-fit model of sequence evolution for each dataset, likelihood ratio tests were used to compare different nested models in a hierarchical organized hypothesis testing as implemented in MODELTEST (Posada & Crandall 1998 ). Likelihoods and model parameters were calculated and estimated from MP trees.
For phylogenetic inference, Bayesian analyses as implemented in MrBayes v2.01 (Huelsenbeck & Ronquist 2001) were employed as well as maximum parsimony (MP) and maximum likelihood (ML) methods as implemented in PAUP*.
All Bayesian analyses were conducted using one cold and three heated chains. Starting trees for each chain were random and starting values for the model of sequence evolution parameters were the default values of MrBayes. Every run included 1 500 000 generations of which every 50th tree was sampled, i.e. leaving us with 30 000 sampled trees. For all analyses likelihood values reached a plateau after 40 000 generations or less. To ensure that we only analysed trees obtained after convergence to a stable likelihood, trees from the first 150 000 generations (in Bayesian terms: the burn-in) were omitted leaving 27 000 sampled trees from every analysis. Trees were imported into PAUP* and majority rule consensus trees were constructed with the nodal frequencies equivalent to the posterior probabilities (PP) of these clades being true given the data.
Due to the relatively large sizes of all datasets, parsimony analyses were carried out with heuristic methods using 10 or 100 random addition replicates and tree bisection reconnection (TBR) branch swapping, often with several independent runs for each dataset. Gaps were treated as missing data. During searches Maxtrees was set to 'unlimited '. Both equally weighted and (unequally) weighted parsimony with step matrices derived from maximum-likelihood estimates of substitution rates were carried out. Bootstrap searches were carried out with 1000 replicates of heuristic searches with simple addition of sequences and Maxtrees set to 100.
Maximum likelihood analyses in PAUP* were conducted using the settings of the best-fit model, a MP tree as starting tree and TBR branch swapping.
The separate datasets were first analysed separately before combining. Data congruence was assessed with the incongruence length difference (ILD) test of Farris et al. (1995) , better known as the partition homogeneity test, and by comparing topologies and nodal supports of trees produced by the different analyses of separate and combined datasets as suggested by several authors (Cunningham 1997a , Moncalvo et al. 2000a . Analyses of the combined dataset were conducted with Lyophyllum atratum as outgroup. The combination of the two datasets in likelihood-based methods is problematic, as a single model of evolution cannot cover the two different best-fit models. Bayesian analysis, however, allows for separate gamma estimates for each dataset and analyses with both two and one gamma estimates were conducted. To take advantage of as much information as possible in parsimony analyses, we conducted a weighted parsimony analysis using differential weighing (using the charsets option) with separate step matrices for each partition derived from best-fit models. Analyses were carried out on Macintosh iMac 233 MHz and 500 MHz computers.
RESULTS
nLSU sequences
Sequences were produced from 29 samples of basidiomes, including two of Sinotermitomyces, three of Podabrella (Termitomyces) microcarpus, one of Gerhardtia, and the rest from Termitomyces. Only a few older samples (i.e. two Sinotermitomyces and one Gerhardtia) failed to yield amplifiable DNA. An additional 53 sequences from termitophilic fungi corresponding to the region located between primers 25S4R and ITS4R were obtained, originating from basidiomes, termite gut contents, and comb material (Aanen et al. 2002 . Six sequences of species belonging to Lyophylleae and Auricularia polytricha were also obtained from earlier studies. Blast-searches with the obtained sequences confirmed earlier results (Hoffstetter et al. 2002 that species of Lyophyllum s. lat. were closest to Termitomyces and other termitophilic fungi, and also indicated that no relevant sequences in GenBank were left out from the analyses. Sequences were aligned across all samples. Removing missing data at the 5k and 3k areas and an ambiguously aligned area of up to 11 bases resulted in an alignment of 552 positions. Several of the sequences were identical (i.e. 36 of the 81 sequences from termitophilic fungi were identical to one or more sequences). Most of these redundant sequences represented samples of basidiomes belonging to the same species, or samples obtained from termites of the same species or belonging to the same genus (Table 1 , Fig. 2 ). However, there were several exceptions, most notably the identical sequences obtained from a wide array of termite species, represented by basidiome T. medius (dka138) and termite Microtermes sp. 3 (dka103) ( Table 1) . Also, basidiomes assigned to the same specific name produced different sequences, which was also true for sequences obtained from termites of the same species. Only two sequences however, were identical between samples obtained from termites (gut or comb) and basidiomes, of which one was our only collective sampling of termite and basidiome from one nest. Identical sequences were excluded from all but the initial phylogenetic analysis. The best-fit model of nucleotide substitution for the nLSU fragment as indicated by the likelihood ratio tests was for all nLSU datasets the Tamura-Nei (1993) model with equal base frequencies, three substitution classes, gamma distributed rate variation and a proportion of invariable sites (TrNef+I+G). The optimal proportion of invariable sites and the gamma shape parameter varied between datasets.
mtSSU sequences mtSSU sequences were produced from 11 samples of basidiomes, including one of Sinotermitomyces, three of Podabrella (T. microcarpus), and seven of Termitomyces s. str. Several samples were not amplified with primers MS1 and MS2, but were readily amplified with primers ssufw105 and ssurev475. Additional sequences of termitophilic fungi corresponding to the region located between primers ssufw105 and ssurev475 were obtained from earlier studies (Aanen et al. 2002) .
As for the nLSU dataset sequences of species belonging Moncalvo et al. (2002) , and 'TS' are from this study. Providers/ collectors of specimens sequenced in this study are B. Buyck: tgf92, tgf94, tgf95, tgf96, tgf98, tgf99, tgf100, tgf101, tgf102, tgf103, tgf104; T. G. Frøslev et al.: tgf70, tgf89; Marja Ha¨rkonen et al.: tgf72, tgf74, tgf80, tgf81, tgf83, tgf84, tgf88; Cathy Sharp: tgf16, tgf18, tgf85, tgf86; E. Turnbull & R. Watling: tgf5, tgf7, tgf10, tgf11, tgf28; and Jan Vesterholt: tgf91b; M. Zang: tgf75, tgf77. to Lyophylleae were obtained from earlier studies . Sequences were aligned across all samples. After removing missing data at the 5k and 3k areas and an area of up to 28 bases, which could not be unambiguously aligned, an alignment of 326 positions was obtained. The pattern of identical sequences corresponded to the one observed in the nLSU dataset. Redundant sequences were excluded from the phylogenetic analyses. The best-fit model of nucleotide substitution for the mtSSU fragment as indicated by the likelihood ratio tests was the Felsenstein (1981) model with unequal base frequencies, one substitution class and gamma distributed rate variation (F81+G).
Phylogenetic analyses
In initial analyses of the complete nLSU dataset, also including the sequences from a recent study of Thai termite-fungi by Taprab et al. (2002) , the termitophilic species formed a strongly supported monophyletic group nested within the species belonging to Lyophylleae (100 % posterior probabilities in the Bayesian analyses, and found in all maximum parsimony (MP) trees). Fig. 1 shows the phylogenetic tree estimated from all analyses of the nLSU dataset with the termitophilic taxa composing a monophyletic group within lyophylloid taxa. Analyses were carried out with more closely related species included for rooting purposes (i.e. Amanita and Lepista), but all results were identical.
The partition homogeneity test indicated that there was no significant difference (P=0.08) in the phylogenetic signal of the nLSU and the mtSSU datasets, and comparison of the trees from the separate analyses (not shown) showed that seeming differences were mainly due to complementarity of phylogenetic resolution among clades.
The combined dataset was composed of 850 characters of which 654 were constant and 94 were parsimonyinformative. For WP the best-fit model suggested a step matrix with three classes of substitutions for the nLSU-data with C-T transitions being most common, A-G transitions being intermediate and transversions being rarest. Classes were weighted '1 ', '2 ' and ' 3' respectively. The best-fit model of evolution for the mtSSU suggested equal weighting. The modes of sequence evolution as indicated by likelihood ratio tests were significantly different, as well as base compositions, which has been shown for the same gene fragments in other groups of fungi (Moncalvo et al. 2000a) . The estimation of a collective best-fit model of sequence evolution for the combined sequences was therefore rather arbitrary, though it was close to that of the nLSU dataset, which was the largest and most variable. Results of Bayesian analysis (two gammas) of the combined dataset are presented as a majority rule consensus tree with nodal supports for clades from both Bayesian and weighted parsimony analyses (Fig. 2) . Differentially weighted parsimony resulted in a phylogeny with only minor differences in basal relationships.
Trees resulting from analyses of the combined dataset have better resolution and higher nodal supports than those of the separate analyses, and are not in positive conflict with these. Nodal supports (bootstraps and posterior probabilities) are generally higher or at least close to the highest from the separate analyses -by some argued to suggest congruence of data (Cunningham 1997a , b, Moncalvo et al. 2000a , Hoffstetter et al. 2002 .
The maximum likelihood tree and the tree from Bayesian analysis with one gamma (trees not shown) had only minor differences from those from the WP analysis and Bayesian analysis with two gammas, showing that the performance of analyses based on an arbitrary best-fit model in this case was comparable to more differentiated analyses.
Phylogenetic relationships
Monophyly of termitophilic fungi was evident from all separate and combined analyses (BS=99-100, and PP=100%).
Clade A was found with high support (PP=99 %), and is composed of mostly Asiatic samples. The subclades A1, A2 and A3 were recognizable in all analyses, but the placement of dka132 (from Odontotermes sp.) and basal relationships varied between analyses. Clades A1 and A2 are purely Asiatic, whereas A3 and dka132 are African. Two basidiomes belonging to this clade have been identified as Termitomyces clypeatus. The basidiome labelled T. entolomoides (tgf10) should probably be treated within the concept of T. clypeatus s. lat. All sequences of Clade A were obtained from termites belonging to the genus Odontotermes.
Clade B was well supported (PP=99%). All six samples of T. microcarpus belonged to clade B as well as Sinotermitomyces cavus and T. entolomoides (tgf103). Termite gut/comb fungal sequences of this clade were obtained from species of Odontotermes (and the closely related genera Protermes and Hypotermes, of which the latter is derived from Odontotermes (Aanen et al. 2002) ). Clade C was well supported (PP=99 %, or PP= 63 % if including the basal T. letestui). The apical taxon T. cylindricus is Asiatic, whereas all others are African. All termite-derived sequences were from Odontotermes spp., with the exception of T. cylindricus, which is described from Macrotermes orthognatus (Shao-Chang 1985) .
Clade D consisted of purely African samples, notably from the termite Macrotermes bellicosus. Clade D came out together with clade E (PP=70%) also almost entirely composed of African samples from termites of the genus Macrotermes. The affinity of the Asiatic M. malacensis with clade E varied between single gene analyses, but internal placement was strongly supported by mtSSU data (PP=100 % in separate mtSSU and combined analysis).
Clade F was strongly supported by mtSSU data (PP=100% both in separate mtSSU and combined analysis). It is composed of sequences obtained from African species of Termitomyces with large and superficially similar basidiomes, and a sequence obtained from the gut of Pseudacanthotermes militaris, which is the symbiont of T. aurantiacus (Heim 1977) and furthermore is closely related to the symbiont Pseudacanthotermes spiniger of T. titanicus (Piearce 1987) .
Clade G is composed of a sequence from Microtermes sp. 3 (dka107) and the identical sequences from species of Microtermes and the closely related (Aanen et al. 2002) genera Ancistrotermes and Synacanthotermes, and Termitomyces medius (tgf7). The inclusion of the three sequences of T. mammiformis was only well supported by mtSSU data. Sequences of T. heimii/S. rugosipes, and the sequences obtained from Odontotermes sp. dka114 and Acanthotermes acanthothorax showed no clear phylogenetic affinities to any clades. A basal position of T. letestui in clade C was only supported by mtSSU (PP=63% in the combined analysis).
From the trees sampled in the Bayesian analyses, it was possible to estimate posterior probabilities (PP) of some hypothesized phylogenetic relationships. The posterior probability of Sinotermitomyces being monophyletic based on the nLSU and combined analyses is less than 0.0037 % (i.e. this topology was not found in any of the 27 000 sampled trees). The posterior probability of Sinotermitomyces cavus (the type species of Sinotermitomyces) is the sister group of Termitomyces is less than 0.0037 %. The posterior probability of the clade composed of taxa assigned to T. microcarpus (Podabrella) (with all possible incusions of related samples) constituting a sister group to the others is less than 0.0037 %. The posterior probability of Rajapa (T. eurhizus) constituting a sister-group to Termitomyces likewise is below 0.0037 %.
DISCUSSION
For the first time a phylogeny of termitophilic fungi representing the known morphological and taxonomical variation of basidiomes as well as the known geographical distribution and taxonomic range of host termites was produced. Our results support the indications of earlier studies based on much smaller samples that all termitophilic fungi of the paleotropics form a monophyletic group. This suggests that the 'cultivation ' of fungi by termites has a single origin, and that no species of fungi has reverted from termite symbiont to a free living state. No available sequences from non-termitophilic fungi were found within the clade of termitophilic fungi, and the free-living mushroom with highest morphological affinity to Termitomyces, i.e. the clampless lyophylloid Gerhardtia incarnatobrunnea, does not belong to Termitomyces, but instead is close to Tephrocybe boudieri, T. inolens and Calocybe ionides. Inclusion of neotropical and North American Podabrella species in further studies would seem an appropriate first step to further test the monophyly of termitophilic fungi.
The included samples of T. microcarpus, the type of Podabrella, belong to a consistently well-supported clade derived within Termitomyces. The posterior probability that Podabrella constitutes a sister group to the rest is negligible, and therefore Podabrella should at most be regarded as a subgeneric group within Termitomyces, in which case Termitomyces subgen. Praetermitomyces has nomenclatorial priority. However, based on the implications of this study, it would be necessary to include other species in this group. The inclusion of T. entolomoides as indicated would call for a redefinition, as the traditional morphological circumscription of Praetermitomyces is inconsistent with these findings. Three morphological characters define Praetermitomyces : (1) the lack of pseudorhizae ; (2) the almost complete lack of a universal veil ; and (3) epigeous fruiting. These characters are probably best seen as losses of inter-dependent adaptations to the physical penetration of the soil found in other species, and maybe in the hypothetical ancestor of T. microcarpus, and not as independent characters supporting a unique taxonomic rank. Unfortunately, it was impossible to obtain material of neotropical and North American taxa assigned to Podabrella, and it remains unclear whether these taxa should be treated as Termitomyces.
The status of Sinotermitomyces as a natural group has already been questioned (Pegler & Vanhaecke 1994) , and the phylogenetic affinities of both species analysed here show that the taxonomic status of Sinotermitomyces is indeed doubtful. Both the mitochondrial and nuclear sequences of one species (S. rugosipes) are identical to those of T. heimii (i.e. T. albuminosus auct.), which is widespread in Asia, and the nuclear sequence of Sinotermitomyces cavus (the type species of the genus) belongs to another apical clade within Termitomyces. Also, the morphological characters defining Sinotermitomyces are widespread in Termitomyces as well. The transfer of these species to Termitomyces seems inevitable, and the formal combinations will be made elsewhere. Horak's (1968) suggestion that Rajapa (T. eurhizus) might constitute a separate genus is also rejected by our results.
Our data therefore clearly show that morphological characters used to divide the termitophilic agarics into separate genera are of little phylogenetic value. Since the proposed genera Podabrella, Sinotermitomyces and Rajapa are derived within Termitomyces s. str., we suggest that all termitophilic agarics should be treated within the genus Termitomyces.
Though phylogenetic studies (Moncalvo et al. 2000b , 2002 , Hoffstetter et al. 2002 have shown the classical circumscriptions of both Tricholomataceae and Lyophylleae (Singer 1986 ) to be problematic, our results suggest that Termitomyces s. lat. is derived within lyophylloid species, suggesting that the classification of species with siderophilous basidia among tricholomatoid fungi might reflect evolution. We therefore suggest that the termitophilous fungi (Termitomyces) should be treated as part of a modern circumscription of Lyophylleae, as maintenance of a separate tribe Termitomyceteae seems unwarranted. If Lyophyllum s. lat. (incl. Termitomyces) should turn out to be monophyletic in subsequent studies, the assignment of a higher taxonomic rank for these would be a possibility, and Termitomycetaceae, which has priority at familiar level, could be a choice. The group is also characterized by several apomorphic characters (siderophilous basidia, open pore spore hilum).
Only few basidiome morphological patterns can be traced in the phylogenetic tree of Termitomyces. All the mushrooms belonging to clade F, i.e. Termitomyces titanicus, T. aurantiacus, and T. singidensis, are all fairly large and characterized by leathery brown to orange brown colours and less prominent perforatoria, and all the samples of epigeous mushrooms (all assigned to T. microcarpus) belong to clade B.
Several of the included Termitomyces species are relatively well-known, and their status as separate taxonomic (and biological) entities is strengthened in that several identical sequences were obtained from basidiomes assigned to these different species. This applies to the included samples of T. heimii, T. aurantiacus, T. singidensis, T. titanicus, T. robustus, and T. medius (and T. mammiformis). Most of these were furthermore obtained from geographically separate localities.
On the contrary, some sequences from samples assigned to the same species are different. The two samples of basidiomes assigned to T. entolomoides show very different phylogenetic affinities. We have seen illustrations of blue asiatic material assigned to T. clypeatus, which might correspond to that labelled T. entolomoides (tgf10). This sample is probably to be included in the concept of T. clypeatus s. lat., and the African material labelled tgf103 as closer to the 'real ' T. entolomoides. One sequence of T. clypeatus from GenBank had no affinity to the the others. As for T. clypeatus and T. microcarpus, the results do not allow us to conclude whether we are dealing with genetically diverse species or complexes of independent but morphologically similar species. The existence of species close to T. microcarpus has been suggested, and several such taxa have been formally described (Otieno 1964 , Heim 1977 , Sathe & Daniel 1980 ) though a consensus of species concepts is lacking. Further analyses might reveal morphological and ecological characters that allow us to distinguish these potentially different taxa.
Many of the analysed sequences were identical, but there was very little overlap between sequences obtained from basidiomes and from termite gut/comb material. If every termite species has its own fungus, the simplest explanation would be that only a fraction of the basidiomes are described, or that several fungal species are morphologically cryptic. Though the taxonomic knowledge of Termitomyces is limited, the existence of several hundred undescribed species seems improbable. Furthermore the repeated retrieval of identical sequences from basidiomes assigned to the same ' taxonomic name ', even from geographically separate locations, indicate that there are few morphologically cryptic species. If, however, frequently fruiting species of termitophilic fungi are rarer than rarely or never fruiting species, the small overlap would be an simple effect of biased sampling, with fruiting species over-represented. This is consistent with the notion that fruiting is never seen in the symbionts of some termite species, most notably Macrotermes bellicosus with its conspicuous nests (Wood & Thomas 1989) . If rarely or never fruiting species are indeed the rule, it is interesting to note that the fruiting species seem to be distributed ' evenly ' in the phylogeny, which suggests that the change from fruiting to non-fruiting (and back) has happened many times.
There were no identical sequences between African and Asiatic samples, suggesting a major geographical differentiation, which would also be expected as most termite species rely on gathering fungal spores from the environment (or bringing mycelia from the old nest) when founding new colonies. If termites gather spores selectively as suggested, a geographical differentiation would be expected, as the frequency of spores from local species is expected to be much higher, which in combination with the termites selectivity presents a major bottleneck for the establishment of 'new ' Termitomyces species on other continents or in other way seperated localities.
